Introduction
Nonindigenous species (NIS) have attracted much attention in recent years due to their often-negative impacts on native biodiversity or ecosystem function. The invasion and subsequent rapid expansion into the Laurentian Great Lakes by two dreissenid mussels endemic to the Ponto-Caspian region of Europe is a prime example of such an aquatic invasion (eg Mills et al, 1999; Ricciardi and MacIsaac, 2000) . Dreissena polymorpha, the zebra mussel, was discovered in the Great Lakes in 1988, while a second dreissenid, the quagga mussel (see taxonomic discussion below), was discovered in 1992 (Hebert et al, 1989; May and Marsden, 1992) . Both species have since spread throughout the lower Great Lakes and the St Lawrence River, although the zebra mussel has achieved a much broader distribution that includes much of temperate eastern North America (Mills et al, 1996) . Similarly, in Europe, D. polymorpha dispersed rapidly to new habitats as early as the 18th century, as interbasin connections were established (eg Kinzelbach, 1992; Minchin et al, 2002) , while quagga mussels maintained a relatively restricted distribution until recently. It was confined to the Bug Liman, Ukraine, until the 1940s and was not reported from neighboring Black Sea estuaries, reservoirs and canals until the 1990s (eg Kharchenko, 1995; Mills et al, 1996;  Table 1 ). In 1992, quagga mussels were first observed in the Volga River system in Kuybyshev Reservoir and the upper part of Saratov Reservoir (Antonov, 1993; Orlova and Shcherbina, 2002) . Range expansion has since been both rapid and extensive. The species range now encompasses a 3000 km stretch of the Volga River system from Uglich and Rybinsk Reservoirs in the north to the Volga River Delta, including the northern Caspian Sea shallows, in the south (Figure 1 ; Orlova et al, 2004) . By 2002, quagga mussels were established in eight of nine reservoirs along the Volga River cascade (Orlova and Shcherbina, 2002) . This recent, rapid spread is cause for concern as few taxa have as great a capability to transform ecosystem functioning and alter native species diversity (Karatayev et al, 1997; Ricciardi et al, 1998; Strayer et al, 1999) . Even within the genus, it appears that strong interspecific interactions are possible. For example, the ability of quagga mussels to live in cold as well as warm water (Dermott and Munawar, 1993; Mills et al, 1996) has allowed this species to invade and displace zebra mussels in deeper water habitats in the lower Great Lakes (Stoeckmann, 2003) . Other invertebrate species also have experienced shifts in abundance concomitant with quagga mussel establishment. Consequently, continued range expansion could have profound conservation implications for lakes, reservoirs and estuaries in both Eurasia and North America (Mills et al, 1993 (Mills et al, , 1996 (Mills et al, , 1999 Orlova and Shcherbina, 2002) highlighting the importance for the need to monitor and understand its dispersal dynamics.
Despite a chronological record of establishment and the possibility of primary and secondary invasions, the mechanism(s) responsible for the rapid range expansion in Eurasia remain unknown. Humanmediated activities have facilitated dispersal, enabling the species to circumvent previously impassable barriers. Channelization and reservoir impoundment, over the past century, has created waterways navigable by commercial ships from the Baltic Sea to the Caspian Sea via the Volga River, with an additional connection to the Black-Azov Sea basin via the Don-Volga canal. In addition to the human-mediated dispersal, conversion of some stretches of the Volga River from riverine to lacustrine habitat appears to have facilitated the species' spread (Orlova and Shcherbina, 2002; Orlova et al, 2004) . Once invasion pathways have been established between donor and recipient areas by major vectors (eg commercial ships), multiple seedings of individuals could occur. For example, it appears that establishment and spread of Chinese mitten crabs, Eriocheir sinensis, in central Europe resulted from repeated introductions (Hänfling et al, 2002) . No High gene flow and invasion success TW Therriault et al previous genetic analyses have been undertaken to identify probable source populations or potential invasion pathways for quagga mussels in Eurasia.
In general, the application of molecular markers has proven useful to characterize dispersal patterns by NIS (eg Havel et al, 2000; Cristescu et al, 2001; Hänfling et al, 2002) . However, factors that are responsible for NIS invasion success have been considerably less well studied (Lee, 2002) . Previous surveys of allozymes and mitochondrial DNA have identified similar levels of genetic diversity between source and invading populations of Dreissena mussels (Hebert et al, 1989; Marsden et al, 1995; Wilson et al, 1999b; Lewis et al, 2000) and bivalves in general (Duda, 1994; Holland, 2001) , suggesting a lack of founder or selection effects. In contrast, reduced genetic diversity has been reported for other invading organisms including waterfleas, Bythotrephes longimanus and Cercopagis pengoi (Berg and Garton, 1994; Cristescu et al, 2001; Berg et al, 2002; Therriault et al, 2002a, b) , the green alga Codium fragile spp. trementosoides (Provan et al, 2005) and the periwinkle Litorina saxatalis (Knight et al, 1987) . Thus, contrasting observations exist with respect to invasion success and genetic diversity within invading populations.
Species may spread locally through population growth and regional diffusion, a process termed reaction-diffusion (Hengeveld, 1989) . Alternatively, they may exhibit patterns of stratified-dispersal, involving both local diffusion and long-distance movement of propagules (Hengeveld, 1989; MacIsaac et al, 2002 ). Dreissena mussels have a biphasic life cycle involving veliger larvae and sedentary juveniles and adults, both of which contribute to dispersal. It appears that both reaction-diffusion and stratified diffusion have contributed to the spread of these dreissenid mussels (Wilson et al, 1999b; Johnson et al, 2001) .
Analysis of time-series distribution data and genetic surveys may provide investigators with insights into dispersal mechanisms. For example, AFLP fingerprinting indicated that D. polymorpha, which invaded Ireland around 1994, entered as adults fouled on the hull of a pleasure boat imported from Britain (Pollux et al, 2003) . In the Great Lakes basin, quagga mussels appear to have spread through Lakes Erie and Ontario via local diffusion (Mills et al, 1993) . However, analyses of microsatellite markers for eight populations in these lakes indicated long-distance gene flow and a possible role of boaters in dispersal of the species (Wilson et al, 1999b) . No population genetic studies have been conducted to characterize invasive quagga mussel populations in the Volga River system. The primary objective of this study was to combine invasion history information with population genetic data to identify the level of genetic diversity among invading and endemic, or other probable source, populations of quagga mussels in the Ponto-Caspian region and to identify potential genetic bottlenecks or founder effects. We used six highly polymorphic microsatellite markers to indirectly measure dispersal and population relatedness through the Volga River system, endemic populations in the Black Sea basin and a trans-oceanic introduction to North America. If the genetic data conform to the expectations of an isolation-by-distance model, one can infer that range expansion is occurring primarily by diffusion (eg Wright, 1943; Slatkin, 1993) . Otherwise, stratified diffusion or jump-dispersal might be contributing (Wilson et al, 1999b) .
Recently, introduced populations are expected to show reduced genetic diversity due to founder effects (eg Knight et al, 1987) but this is not always the case, especially for mussels (eg Hebert et al, 1989; Duda, 1994; Holland, 2001 ). Because we have sampled source and invaded populations, it should be possible to identify founder effects if they exist. Otherwise, populations may have been founded by large inocula or repeated introductions. Finally, we will comment on the claim that invasion success requires high genetic diversity and why this could be important for population persistence or the potential for further spread.
Materials and methods

Mussel taxonomy
Dreissenid molluscs have been reclassified many times and at many levels (ie genus, subgenus, species, subspecies and variety), based mainly on morphological, anatomical and geographical characteristics (see reviews by Babak, 1983; Rosenberg and Ludyanskiy, 1994; Starobogatov, 1994) . The recent application of molecular techniques has helped to clarify the phylogenetic relationships among species (Spidle et al, 1994; Marsden et al, 1996; Claxton et al, 1998; Therriault et al, 2004) . In the most recent analysis, Therriault et al (2004) proposed that D. bugensis was not sufficiently genetically distinct from D. rostriformis, a species native to the central and southern Caspian Sea, to be considered a separate species. Rather, they suggest that two races of D. rostriformis exist, one that lives in freshwater habitats (bugensis) and one that occurs in brackish waters (rostriformis ¼ distincta). Consequently, throughout the rest of this paper, the quagga mussel will be referred to as D. rostriformis bugensis.
Study area and sample collection Dreissena samples were collected from four locations in the Black Sea basin (two endemic and two invaded), seven recently invaded locations along the Volga River cascade, one native location in the central Caspian Sea and one introduced location in North America, Lake Erie (Table 1; Figure 1 ).
DNA isolation and PCR amplification
Total DNA was extracted from mantle muscle tissues of specimens preserved in 95% ethanol using either a standard phenol-chloroform method (Sambrook et al, 1989) or a DNA purification kit (Wizard, Promega). Extracted genomic DNA was used as a template for DNA amplification using the polymerase chain reaction (PCR). We amplified six microsatellite loci (Dbug 1-6 in Wilson et al, 1999a, b) from at least 32 individuals from each of the 13 populations. PCR mixtures included doubledistilled water, 10 Â manufacturer-supplied PCR buffer, 25 mM MgCl 2 , 0.2 mM of each dNTP and 0.5 U Taq DNA polymerase (Gibco BRL). Reactions were run on a PTC-100 Programmable Thermal Controller (MJ Research Inc.) using an initial denaturation step at 951C (5 min) followed by 40 cycles consisting of denaturation at 951C (60 s), annealing at 491C (60 s) and an extension step at 721C (90 s). A final 7 min at 721C was added after cycling High gene flow and invasion success TW Therriault et al to ensure complete extension. The annealing temperature used here is lower than the ones used by Wilson et al (1999a) in their development of these microsatellite primers but yielded the most consistent amplification with our reagents and sequencer.
Microsatellite DNA fragments were sized using manufacturer-supplied size standards on a CEQ8000 automated sequencer (Beckman Coulter). We assumed that alleles encountered in less than three individuals (0.7%) were amplification artifacts, possibly due to the lower annealing temperature, and these were not included in subsequent analyses.
Statistical analyses
We tested all populations by locus combinations for departure from Hardy-Weinberg expectations using Guo and Thompson's (1992) estimate in Arlequin version 2.0 software (Schneider et al, 2000) : a 10 000-step, 1000-iteration Markov chain method provided an unbiased estimate of significance. A sequential Bonferroni correction was applied to account for the multiple simultaneous comparisons generated by these analyses (Rice, 1989 ). An exact test for differences in allele frequencies among populations was employed (20 000 permutations; Raymond and Rousset, 1995) using Tools for Population Genetic Analyses (TFPGA v 1.3) software by Mark Miller (Dept of Fisheries and Wildlife, Utah State University). Significance levels were subsequently adjusted using the sequential Bonferroni correction method (Rice, 1989) .
Phylogenetic relationships among populations were inferred using the neighbor-joining (NJ) tree-building method in Populations 1.2.26 software by O Langella (Centre National de la Recherche Scientifique, Laboratoire Populations, Génétique et Evolution), using Nei's (1972) genetic distance D S . The tree was viewed using TreeView 1.6.6 software by Roderic Page (Institute of Biomedical and Life Sciences, University of Glasgow).
Pairwise genetic distances between populations were measured by calculating Nei's genetic distance D S (Nei, 1972) using TFPGA and F ST using Arlequin. As populations subdivide (disperse or expand), models of isolation-by-distance provide one means to understand population expansion based on genetic distances. Thus, we plotted both Nei's genetic distance (D S ) and F ST vs geographical distances between populations (via waterways) to examine the relationship between geographical distance and genetic distance among populations. A Mantel test (10 000 permutations) was employed to statistically evaluate the correlation between genetic and geographic distance. These analyses were conducted using only Eurasian populations, to minimize the likelihood of spurious results associated with a single population from North America. As the Caspian Sea population was markedly genetically divergent from the other populations used in this study, it was also excluded from this analysis.
Results
We observed a total of 179 alleles from the six loci for the 421 individuals from 13 populations. We identified 36 alleles for Dbug1 (120-296), 34 alleles for Dbug2 (176-308), 33 alleles for Dbug3 (261-354), 29 alleles for Dbug4 (183-360), 36 alleles for Dbug5 (195-384) and 11 alleles for Dbug6 (165-273). Following Bonferroni correction, only the Lake Erie and Volga Delta pairwise comparison was not statistically significant. Further, exact tests showed that the Caspian Sea population was significantly different from all others (Po0.0001). Average heterozygosity was similar among endemic and invaded populations, suggesting that genetic diversity was not lower among invaded populations (Appendix 1 in supplementary information).
Globally, all six loci exhibited significant heterozygote deficiencies (Po0.0001). Intrapopulation comparisons revealed that heterozygote deficiencies were not significant for three populations at Dbug1, nine populations at Dbug3, one population at Dbug5 and two populations at Dbug6 following Bonferroni correction (Appendix 1 in supplementary information).
The Caspian Sea population was genetically distinct (Figure 2 ) particularly in the low number of alleles (5) identified for the Dbug2 locus (Appendix 1 in supplementary information). There was nonamplification in 25 of 32 individuals at this locus, which is consistent with a high frequency of null alleles in the population.
Allelic variation was too high to allow resolution between source and invaded populations. However, the relatively higher bootstrap support for the Dniester Liman -Cheboksary Reservoir node (77%) suggests a potential source -destination relationship (Figure 2 ). Based on invasion timing (Table 1) , it is difficult to infer which population represents the source and which represents the destination. Further, the extremely low F ST value between the Dniester Liman and Cheboksary Reservoir populations (0.0002) could indicate a high level of continuing gene flow (Appendix 2 in supplementary information). The Lake Erie population clustered with the Volga Delta population and to a lesser extent with the Dnieper Liman population, but bootstrap support was weaker (Figure 2 ). Since Lake Erie was invaded prior to the Volga Delta (Table 1 ), it appears that either the Lake Erie population was the source of the Volga Delta population or, alternatively, that the Dnieper Liman was the source for both invaded populations.
The analysis of pairwise F ST indicated that neither endemic population (Bug Liman or Dnieper Liman) nor the invaded population in Rybinsk Reservoir at Koprino was the source for the Dniester Liman or Cheboksary Reservoir populations (Appendix 2 in supplementary information).
Correlations between geographical distance and D S and F ST were not significant (Mantel test, P ¼ 0.1943 and 0.6644, respectively), even when only invaded populations were included in the analysis (P ¼ 0.1893 and 0.7013, respectively). Similarly, no relationships were detected when comparisons were made with only the two endemic populations (P ¼ 0.8249 and 0.6129, respectively).
Discussion
Colonization events may be accompanied by founder effects, in which the genetic diversity of a colonizing population is reduced relative to the source (eg Wright, 1943; Slatkin, 1993; Hänfling et al, 2002; see Holland, 2001 for contrary results). Alternatively, or in addition to this, genetic diversity could be reduced by postcolonization selection by the novel environment (eg Lee, 2002) . In this study, we observed no evidence of reduced genetic diversity among introduced populations in either the Volga River or Lake Erie, a finding consistent with Wilson et al's (1999b) study on quagga mussels in the Great Lakes. Microsatellite diversity at the six polymorphic loci examined was similar across source and destination sites, indicating that inoculum sizes were large, there was swift population growth or that multiple introductions served to enhance existing genetic diversity in the invaded mussel populations. Although multiple introductions cannot be excluded for the Lake Erie population, the likelihood of this is lower than for invading populations in the Volga River system. An alternative explanation is that the Lake Erie introduction resulted from a very large propagule number that did not restrict genetic diversity, a hypothesis also applicable to invading populations in the Volga River system. Population genetic theory predicts that high genetic diversity predisposes invasive populations to success at establishing, persisting, and dispersing further into novel habitats (Hartl and Clark, 1989) . The quagga mussel Figure 2 Unrooted NJ tree showing the relationship among 13 D. rostriformis populations using Nei's (1972) genetic distance. Bootstrap support based on 1000 iterations is shown for nodes with more than 70% support. Numbers in parentheses correspond to Map ID numbers in Table 1 .
High gene flow and invasion success TW Therriault et al populations surveyed in this study were characterized by high genetic diversity within populations with negligible population subdivision. High genetic diversity has been reported previously for Dreissena species (eg Marsden et al, 1995; Wilson et al, 1999b; Lewis et al, 2000) as well as other bivalves (eg Duda, 1994; Holland, 2001) and may be an important attribute contributing to their continued invasion success. Highly polymorphic populations are expected to retain maximum genetic diversity, providing genetic variation, which ensures that at least some individuals will be suited to survive and/or disperse to novel habitats. In contrast, a bottleneck would restrict genetic diversity and potentially lower the probability of successful establishment of an invading population. However, it should be noted that some highly successful invaders exhibit low genetic diversity. For example, successful invasive populations of the green alga C. fragile spp. trementosoides in the Mediterranean Sea, northern Europe, eastern North America, and in the South Pacific all possess markedly lower haplotype diversity relative to native populations in Japan (Provan et al, 2005) . Similarly, introduced populations of Bythotrephes and Cercopagis in the Great Lakes have lower genetic diversity compared to native populations in Europe (Berg and Garton, 1994; Cristescu et al, 2001; Berg et al, 2002; Therriault et al, 2002a, b) . Further, environmental differences between the introduced and source habitats could result in selection and further restriction of genetic diversity (Lee, 2002) . In our study, it appears that neither founder effects nor varying selection pressures affected genetic diversity of introduced quagga mussel populations. Although there is no consensus on whether successful invasions are characterized by reduced genetic diversity due to founder effects and selection or elevated genetic diversity reflecting multiple colonization events or large propagule size, our study is one of only a few that show no evidence for a founder effect or selection. Thus, high genetic diversity within the source population may be important for invasion success.
Historical accounts suggest two endemic, freshwater populations of quagga mussel from the Black Sea basin (Bug and Dnieper Limans; Table 1 ). As neither endemic population appears to have been the source for the Dniester Liman population (Figure 2 ), this population may have been established by a 'reverse invasion' from Cheboksary Reservoir. Further, since the Cheboksary Reservoir population seems not to have been established by an invasion from either endemic population, it may have resulted from a secondary invasion from a population established elsewhere, possibly within the Caspian Sea basin. The Volga Delta population and the Lake Erie population were not significantly different based on the pairwise exact tests and they clustered at the same node in the NJ tree (Figure 2) . Thus, based on invasion timing, the Lake Erie population could represent the source of the Volga Delta population. Alternatively, a third population could represent the source of both populations. In fact, based on the position of the Dnieper Liman population in the NJ tree, we suggest that this population was responsible for both the Lake Erie and Volga Delta populations. This interpretation is consistent with a previous study based on allozyme variation that concluded that the quagga mussels in Lakes Erie and Ontario came from the lower Dnieper River (Spidle et al, 1994) . Also, this finding is consistent with commercial shipping acting as the primary dispersal vector along known invasion corridors both within Eurasia and to North America (Ricciardi and MacIsaac, 2000; Orlova et al, 2004) . Further, the current rapid spread of quagga mussels in Eurasia and North America began nearly simultaneously in the early 1990s (Table 1; Orlova et al, 2004) , suggesting that a previously limiting barrier to dispersal was removed, although such a barrier has not been identified.
Many of the sampled populations showed significant departures from Hardy-Weinberg equilibrium at multiple loci, which is consistent with other studies of newly colonized bivalve populations (eg Wilson et al, 1999b) and may result from periodic re-introduction or strong selection effects. Alternatively, the departures from Hardy-Weinberg equilibrium could be due to null alleles (eg Pemberton et al, 1995) or a Wahlund effect (eg Hartl and Clark, 1989) ; however, neither explanation is expected to apply across all populations and loci (Castric et al, 2002) . The Caspian Sea population was the only one for which the null allele hypothesis is supported by the occurrence of putative null homozygotes (ie nonamplification) at a single locus (Dbug2).
Our data suggest that sampled populations are part of a larger metapopulation that is able to maintain high levels of gene flow, possibly due to multiple colonization events between source and invaded populations. In common with numerous other studies of bivalves, we failed to identify a genetic pattern characteristic of isolation-by-distance. For example, Wilson et al (1999b) noted that quagga mussel populations in Lakes Erie and Ontario lacked an isolation-by-distance structure, possibly owing to long-distance dispersal of propagules by boats. Given the importance of the Volga River cascade as a commercial waterway for much of Eurasia, we suspect that vessel traffic has and will continue to play an integral role in dispersing quagga mussels throughout this system. The mussel population from the Caspian Sea was the most divergent of the populations studied (Figure 2 ) and is the only population where there is convincing evidence of a high frequency of a null allele. Clearly, the Caspian Sea population did not found the populations in the Volga River system (or Black Sea basin) despite their closer geographical proximity. This is the only population known to inhabit brackish water and its divergence may reflect the spatial and temporal differentiation between the Black and Caspian Seas and different selection regimes encountered in these environments. The Black and Caspian basins last had contact approximately 7000-10000 years ago prior to the intrusion of Mediterranean waters into the Black Sea basin that displaced many brackish water species (Reid and Orlova, 2002) . Therriault et al (2004) noted consistent but subtle genetic differences between quagga mussel populations from these basins, and argued that they represented two races, one that evolved in brackish water, D. rostriformis rostriformis ( ¼ distincta), and another that evolved in freshwater, D. rostriformis bugensis. Thus, populations in the Caspian Sea are presumed to have a greater salinity tolerance than those from freshwater estuaries of the Black Sea (Therriault et al, 2004) . The recent arrival of the freshwater race to the Caspian Sea (Volga Delta population) could have significant conservation implications to the existing brackish water population in the Caspian Sea proper if contact between these to populations (races) occurs. In addition to the obvious genetic implications, there are ecological considerations. For example, displacement among Dreissena species has been reported in the Great Lakes and the Volga River system (Stoeckmann, 2003; Orlova et al, 2004) . Thus, the encroachment of the freshwater race into the brackish water Caspian Sea could pose a conservation threat to the native population in less brackish sections of the Caspian Sea.
